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Abstract: In this study, HfO2 coatings co-doped with different Ca/Tb atomic ratios were prepared via
the atmospheric plasma spraying (APS) method. The microstructure, infrared radiation properties,
and high-temperature stability of the coatings were investigated. All of the doped coatings possessed
a porous surface and were composed of two phases, namely the monoclinic HfO2 phase and the
cubic HfO2 phase. In addition, the content of the cubic phases increased when raising the doping
atomic ratio of Ca/Tb, suggesting that Ca could stabilize the cubic HfO2 phase more effectively.
The results also show that the coating with a Ca/Tb atomic ratio of 1/0 (CT1 coating) had more
excellent infrared radiative properties, whose total emissivity was 0.844 in the 0.75~6.5 µm band and
0.900 in the 6.5~15 µm band, respectively. The improvement in emissivity in the 0.75~6.5 µm band
was mainly due to the impurity energy levels introduced via oxygen vacancy, which promoted the
absorption of free carriers. And, in 6.5~15 µm, because the approximate masses of the Ca-O and
Tb-O bonds were smaller than that of the Hf-O bonds, the infrared absorption of the lattice vibration
shifted, favoring absorption below 10 µm. Moreover, Ca had a more significant strengthening effect
than Tb in the whole band. In terms of high-temperature infrared radiation performance, the total
emissivity of the CT1 coating at 2.5~25 µm increased as the temperature increased from 500 ◦C to
1100 ◦C, which might be attributed to the thermal-enhanced lattice vibration absorption. However,
the emissivity of the CT1 coating at 3~5 µm was kept around 0.9 from 1100 ◦C to 2000 ◦C, owing to
the fact that infrared absorption was more determined by the intrinsic width of the energy levels
because of the weakening of the doping effect at high temperatures. In terms of thermal stability,
the surface morphology and chemical composition of the CT1 coating were barely changed within
4 h of heat treatment at 2000 ◦C. The total infrared emissivity of the CT1 coating after 4 h of heat
treatment was 0.826 in the 0.75~6.5 µm band and 0.895 in the 6.5~15 µm band, slightly lower than
that before heat treatment, suggesting good thermal stability and good application prospects as a
high-temperature infrared material.

Keywords: HfO2 coating; infrared emissivity; oxygen vacancy; thermal stability

1. Introduction

Thermal radiation, thermal convection, and thermal conduction are the three pri-
mary forms of heat transfer. Thermal radiation coating, also known as infrared radiation
coating, can enhance heat transfer, especially under a vacuum environment. Therefore,
it is widely used in industrial heating furnaces, energy-saving buildings, aerospace, and
other fields [1–3]. With developments in technology, the working temperature of indus-
trial furnaces has increased dramatically, which has resulted in an intense demand for
ultra-high-temperature infrared radiation coatings. Meanwhile, in the aerospace field, the
surface temperature rise from aerodynamic friction seriously threatens the service safety of
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high-Mach vehicles [4], and there is also an urgent need for ultra-high-temperature infrared
radiation coatings for heat dissipation.

HfO2, known as a typical high-temperature-resistant material, has a melting point of
2758 ◦C [5]. Furthermore, its outstanding properties for thermal, chemical, and mechanical
stability have made it an important candidate for ultra-high-temperature components [6,7].
Particularly, it has drawn a lot of attention for application as an environmental barrier
coating material, which suggests the excellent performance of HfO2 in a high-temperature
service [8,9]. However, due to the large band gap (~5.6 eV) of HfO2 [10], it is optically
transparent in the NIR band (0.75~2.5 µm), which strongly limits its infrared radiation
performance when utilized at high temperatures, especially beyond 1000 ◦C, according to
Wen’s displacement law [11]. Therefore, it is necessary to enhance the infrared radiation
property of the HfO2 coating in the near-infrared band. Generally, doping is an effective
way to enhance the infrared radiation performance of materials. Among the dopants, rare
Earth ions are widely used due to their large ionic radius and rich electronic energy levels.
On the one hand, a large ion size is beneficial to introducing heavy lattice distortion and
decreasing the symmetry of a crystal structure, enhancing the infrared adsorption/radiation
of lattice vibration in the mid–far-infrared band. Zhang [12] synthesized a kind of Ce-doped
far-infrared radiation ceramic using iron ore tailings as the raw material, and found that
the extent of lattice distortion was proportional to the far-infrared emissivity. It was also
reported that the lattice absorption intensity of solid waste tailings can be apparently
enhanced by doping with rare Earth (RE) ions, La or Ce, in which the infrared emissivity at
8~14 µm increased to beyond 0.91 [13,14]. On the other hand, the diverse energy levels of
RE ions might promote free carrier absorption, enhancing the infrared adsorption/radiation
in the near-infrared band [15]. Moreover, alkaline Earth elements, such as Mg, Ca, and
Sr, are also used as dopants for infrared radiation enhancement due to their large ionic
radius and because they introduce impurity levels that promote free carrier adsorption.
Liu [16] doped Sr2+ and Ca2+ in a perovskite system and concluded that doping Ca2+ could
effectively increase its emissivity to more than 0.90.

Our previous study found that doping Tb3+ could improve the infrared emissivity
of HfO2 coatings, which was mainly due to the charge transfer generated from Tb3+ to
Tb4+ and the oxygen vacancies, strengthening the absorption of free carriers [17]. Since
Ca2+ has a lower valance state than Tb3+ or Tb4+, it will introduce more oxygen vacancies
if Ca2+ enters the HfO2 lattice and replaces Hf4+ instead of Tb3+. Furthermore, there are
many reports about Ca-doped ZrO2 [18,19], implying that Ca could also enter the HfO2
lattice because both ZrO2 and HfO2 have a similar lattice structure and similar properties.
And, on this basis, we investigated the influence of the Ca/Tb co-doping mass ratio on
the infrared properties of HfO2 coating and found that the doped coating showed better
radiation performance when the total mass ratio of Tb4O7 and CaCO3 was 2 wt% (with
an atomic ratio of Ca/Tb equaling 1:1) [20]. In this study, aiming to optimize the Ca/Tb
co-doping atomic ratio for higher infrared emissivity, we prepared HfO2 coatings co-doped
with different Ca/Tb atomic ratios (1:0, 7:3, 1:1, 3:7, and 0:1) using the atmospheric plasma
spraying (APS) method. The chemical composition, microstructure, infrared radiation
properties, and high-temperature stability of the coatings were investigated.

2. Materials and Methods
2.1. Preparation of Coatings

Pure HfO2 (99%, 1~3 µm), CaCO3 (99%, 1~3 µm), and Tb4O7 (99%, 1~3 µm) powders
were used as raw materials, which were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (China), Shentai Chemical Reagent Co., Ltd (China), and Grirem Advanced Materials
Co., Ltd (China), correspondingly. The total doping mass ratio of Tb4O7 and CaCO3 in the
raw materials was set as 2 wt%. The doping atomic ratios of Ca/Tb were set as 1:0 (CT1),
7:3 (CT2), 1:1 (CT3), 3:7 (CT4), and 0:1 (CT5), respectively. The raw materials were weighed
according to the composition design and dry mixed in a ball mill for 2 h with a ball to
material ratio of 5:1. After dry mixing, a self-made organic binder and deionized water
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were added to the powders and then mixed in a colloid mill for 30 min to obtain a well-
distributed slurry. Subsequently, the slurry was pumped into a spray granulation tower to
produce spherical-agglomerated powder with good flowability. The drying temperature
of the spray granulation tower was set as 180 ◦C and the speed of the feed pump was
3000 rad/min. The obtained agglomerated powder was firstly calcined at 400 ◦C for 1 h to
remove the organic binder, and then further calcined at 900 ◦C for 1 h to fully decompose
CaCO3 into CaO in an air atmosphere. Finally, the power was sintered at 2000 ◦C for
1 h in an argon atmosphere, promoting the dopants to enter the HfO2 lattice through a
thermal reaction. The calcined power with a size of about 45~73 µm was used for the
APS deposition.

Niobium-based alloy sheets with a thickness of 5 mm were selected as the substrate,
were sandblasted using brown corundum sands below 100 mesh, and were ultrasonically
cleaned using acetone. A plasma spray system (GP-80, China) was employed for the
coating deposition. In order to enhance the adhesive strength between the substrate and the
ceramic coating, preheating was carried out using the plasma flame with a spray distance
of 130 mm. After the pretreatment, a pure tungsten bonding layer was deposited on
the substrate before spraying the infrared ceramic layer, further enhancing the adhesive
strength. Finally, the infrared ceramic layer was deposited onto the bonding layer. The
APS deposition parameters for the bonding layer and the ceramic layer were systematically
optimized. The arc voltage for the bonding layer was adjusted to 70~72 V with an argon
gas flow of 40 L·min−1, a hydrogen gas flow of 5.5 L·min−1, and a nitrogen gas flow of
40 L·min−1. The arc voltage for the ceramic layer was adjusted to 75~78 V with an argon
gas flow of 30 L·min−1, a hydrogen gas flow of 10 L·min−1, and a nitrogen gas flow of
1 L·min−1. The arc current was 400 mA for the bonding layer and 500 mA for the ceramic
layer. The spray distance was 130 mm for the bonding layer and 90 mm for the ceramic
layer. the powder feed rate was 25 g·min−1 for the bonding layer and 22 g·min−1 for the
ceramic layer. The traverse speed of the gun was 500 mm/s for the bonding layer and
300 mm/s for the ceramic layer, respectively.

2.2. Characterization

Both the surface and cross-section microstructures of the HfO2-based coatings were
observed via secondary electron scanning microscopy (SEM, JSM-IT300, Japan). The phase
composition of the prepared coatings was identified via X-ray diffraction (XRD, D8 Ad-
vance, Germany) using Cu Kα radiation with steps of 0.02◦. The chemical bonding states of
the coatings were analyzed using a Fourier transform infrared spectrometer (FTIR, NEXUS,
USA). The chemical states of the elements were measured via X-ray photoelectron spec-
troscopy (XPS, ESCALAB 250Xi, USA). The emissivity of the coatings at room temperature
was measured in the wave range of 2.5~25 µm via Fourier transform infrared spectroscopy
(FTIR, Tensor27, Bruker, Germany). The diffuse reflectance in the wave range of 200~800 nm
was detected using a UV–visible–near infrared spectrophotometer (UV-VIS-NIR, UV3600,
Japan). A NICOLET 670 Fourier transform spectrometer was used to test the emissivity
of the coatings in 2.5~25 µm at 500 ◦C~1000 ◦C, and a FAST M100K infrared camera was
used to measure the infrared emissivity of the coatings in 3~5 µm at 1000 ◦C~2000 ◦C. To
characterize the thermal stability of the prepared coatings, a high-temperature treatment
was carried out by heating the samples to 2000 ◦C and holding them separately for 2 h and
4 h in a vacuum atmosphere. After the heat treatment, the chemical composition, surface
morphology, and infrared radiation performance were characterized.

3. Results and Discussion
3.1. Microstructure and Chemical Composition

The surface and cross-section morphologies of the prepared HfO2-based coatings
were observed via scanning electron microscopy. Based on the SEM images, the coatings
had almost a similar microstructure. For instance, Figure 1 exhibits the surface and cross-
sectional microstructures of the CT1 coating. It was found that the coating surface was
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porous with no apparent cracks, as shown in Figure 1a. The micropores were generated
via insufficient melting and overlap of the ceramic droplets during the APS deposition.
The cross-section microstructure of the coating is shown in Figure 1b. It was seen that the
thickness of the metal coating was about 20~25 µm and the thickness of the ceramic coating
was about 60~70 µm. The ceramic layer was tightly bonded to the metal layer. Moreover,
some micropores were observed inside the ceramic layer, which were unavoidable during
the thermal spraying. The micropores on the surface were beneficial for improving the light
scattering area and projection depth, are were thought of as ideal black bodies to improve
the absorption of infrared radiation [21].
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Figure 1. Surface morphology (a) and cross-section morphology (b) of CT1 coating.

The XRD patterns of the HfO2 coatings co-doped with different Ca/Tb atomic ratios
are shown in Figure 2. It was found that the pure HfO2 coating was in a single-phase
structure, which was monoclinic HfO2 phase (mHfO2: PDF no. 34-104). However, the
HfO2 coatings doped with Ca/Tb were composed of two phases, which were monoclinic
HfO2 (mHfO2: PDF no. 34-104) and cubic HfO2 (cHfO2: PDF no. 35-560). Commonly,
there are three types of crystal structure for pure HfO2. The pure HfO2 is stabilized with
a monoclinic phase at room temperature. When the temperature rises to about 1800 ◦C,
the monoclinic phase will transfer to a tetragonal phase, and will continue to transfer to
a cubic phase when the temperature is above about 2600 ◦C. However, according to the
HfO2-rare Earth oxide (REO) binary phase diagram [22], it is found that doping Tb4+, Dy3+,
Y3+, Ho3+, Er3+, Yb3+, and Lu3+ can stabilize the cubic phase even at room temperature. In
this study, due to Ca and Tb ions entering the cubic HfO2 lattice, the cubic HfO2 phase was
stabilized at a normal temperature. Furthermore, with the co-doping atomic ratio of Ca/Tb
decreasing, the ratio of cubic HfO2 gradually reduced, implying a greater stabilizing effect
of Ca than that of Tb. This was owing to a larger ionic radius of Ca2+ (0.99 Å) relative to
Tb3+ (0.92 Å) [23], which produced larger lattice distortion and made it difficult to convert
cubic HfO2 to monoclinic HfO2 during the drop in temperature after the APS deposition.

To further identify the chemical bonding of the prepared HfO2 coatings, FT-IR analysis
was carried out. The infrared absorption spectra of the pure HfO2 and the CT1~CT5
coatings in the range of 4000~400 cm−1 are shown in Figure 3. It was seen that there was no
significant difference in the absorption peaks among the un-doped HfO2 coating and the
CT1~CT5 coatings. The main infrared absorption peaks occurred at 3447 cm−1, 1634 cm−1,
1525 cm−1, 1101 cm−1, 875 cm−1, 750 cm−1, 606 cm−1, 525 cm−1, and 435 cm−1. The
absorption peaks near 3447 cm−1 and 1634 cm−1 were a result of the H-O bond vibration
of H2O adsorbed by the coatings’ surfaces [24]. The infrared absorption peaks located at
1525 cm−1, 1101 cm−1, and 875 cm−1 corresponded to the multiplication and ensemble
absorption of monoclinic HfO2 [25]. In the range of 800–400 cm−1, monoclinic HfO2
had strong and sharp infrared absorption peaks at 750 cm−1, 606 cm−1, 525 cm−1, and
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435 cm−1 [26]. The monoclinic HfO2 possessed a lot of vibrational modes, which were
beneficial for improving the infrared emissivity in the medium and far bands.
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3.2. Room Temperature Infrared Radiation Property

The room temperature infrared spectral emissivity in the 0.75~2.5 µm band and the
2.5~15 µm band are shown in Figures 4a and 4b, respectively. Based on Figure 4, the
infrared spectral emissivity of the HfO2 coatings doped with Ca/Tb in both of the two
bands was notably enhanced, compared to that of the un-doped HfO2 coating. The total
infrared emissivity values of the HfO2 coatings in the 0.75~6.5 µm band and the 6.5~15 µm
band were calculated referring to our former report [20]. The results are shown in Table 1.
It is demonstrated that the total emissivity of the coatings in the 0.75~6.5 µm band and the
6.5~15 µm band decreased gradually with the decreasing of the Ca/Tb co-doping atomic
ratios. Furthermore, except for the total emissivity of the CT5 coating in the 6.5~15 µm
band which was slightly lower than that of the un-doped HfO2 coating, the total infrared
emissivity of the doped coatings was more prominent. The best radiation performance
occurred in the CT1 coating, whose total emissivity in the 0.75~6.5 µm band and the
6.5~15 µm band was 0.844 and 0.900, correspondingly. Comparing this with our previous
work [20], the infrared emissivity in the 0.75~6.5 µm band was notably enhanced, and had
improved from 0.820 to 0.844. The emissivity in the 6.5~15 µm band barely changed and
was 0.900, almost the same as with 0.902.
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Table 1. Total infrared emissivity of HfO2-based coatings in 0.75–6.5 µm and 6.5–15 µm bands.

Number 0.75~6.5 µm 6.5~15 µm

HfO2 0.618 0.870
CT1 0.844 0.900
CT2 0.832 0.880
CT3 0.820 0.884
CT4 0.811 0.872
CT5 0.785 0.865

As shown in Figure 4b, the spectral infrared emissivity of the doped HfO2 coatings
was notably enhanced in the shorter wavelength band of 6.5~15 µm, while it decreased
slightly in the longer wavelength band, compared with that of the un-doped HfO2 coating.
Generally, infrared radiation above 10 µm for ceramics is mainly attributed to one-phonon
processes, which are related to infrared fundamental frequency absorption. The radiation
in 5~10 µm corresponds to multi-phonon processes, which are infrared sum frequency,
double frequency, and difference frequency absorptions. On the one hand, doping Ca
and Tb ions was beneficial to stabilize the cubic phase, which reduced the fundamental
infrared absorption modes, weakening the lattice vibration absorption. On the other hand,
Ca and Tb with large ionic radii entered the HfO2 lattice, increasing the lattice distortion
and strengthening the lattice’s polar vibrational absorption. Since the approximate mass
of Ca-O and Tb-O bonds was smaller than that of Hf-O bonds, the infrared absorption
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of lattice vibration shifted, favoring absorption below 10 µm. According to Table 1, it is
indicated that the latter factor occupied the primary role that improved the total emissivity
in the 6.5~15 µm band for the CT1~CT4 coatings. Moreover, Ca had a more significant
strengthening effect than Tb due to a higher ionic radius and a smaller atomic mass. In
contrast, for the CT5 coatings, the former factor played a dominant role that reduced the
total emissivity in this band.

The changes in infrared emissivity in the 0.75~6.5 µm band were strongly concerned
with the impurity levels and free carrier concentration [27]. The generation of impurity
levels will shorten the forbidden bandwidth of the coating, which is beneficial to the transi-
tion of electrons from a valence band to conduction band, enhancing intrinsic absorption.
Meanwhile, this also promotes the transition of free carriers from the conduction/valance
band to impurity levels, enhancing the impurity level absorption. The band gap Eg of the
coatings was measured referring to our former study [20]. The diffuse reflectance spectra in
200~800 nm of the coatings are shown in Figure 5a. The curves of (F(R)hv)2 against hv are
shown in Figure 5b, where R is the diffuse reflectance, F(R) is the Kubelka–Munk function,
and hv is the photon energy. By extending the straight-lined part to the x-axis, the value
of hv extrapolated to F(R)hv = 0 was the measured Eg. All of the coatings after doping
possessed a much lower Eg value compared with 5.27 eV of the pure HfO2 coating, that
is 3.26 eV, 3.41 eV, 3.58 eV, 3.66 eV, and 3.71 eV for the CT1~CT5 coatings, respectively. In
addition, by decreasing the co-doping atomic ratio of Ca/Tb, the band gap Eg gradually
increased. This was related to the oxygen vacancies, which introduced impurity levels,
reducing the forbidden bandwidth [28].
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In order to characterize the oxygen vacancy, XPS was performed to identify the
chemical states of oxygen in the coating. Figure 6a–e show the results of the XPS patterns
for the O1s in the CT1~CT5 coatings, and it was seen that the doped HfO2-based coatings
contained three kinds of oxygen. Among them, the OI peaks at 529.6~530.2 eV represented
the lattice oxygen, and the OII peaks at 531.2~531.9 eV were from the oxygen chemically
adsorbed at the oxygen vacancy position [29]. In addition, the OIII peaks at 532.7~533.5 eV
corresponded to the adsorbed oxygen on the surface of the coating [30]. In the CT1, CT2,
CT3, CT4, and CT5 coatings, the percentages of OII peaks could be estimated through
the area ratio, which were 41.2%, 40.6%, 40.2%, 38.2%, and 34.3%, respectively. As we
mentioned in our former study, the low-valence Tb3+ and Ca2+ ions entered the HfO2 lattice
and replaced the Hf4+ ions, generating oxygen vacancies. Since doping one Ca2+ would
introduce one oxygen vacancy into the lattice, while doping one Tb3+ only introduced
half an oxygen vacancy, the concentration of generated oxygen vacancy decreased with
decreasing the atomic ratio of Ca/Tb. Consequently, an increasing trend of Eg was obtained,
resulting in a decline in emissivity in 0.75~2.5 µm for the CT1~CT5 coatings.
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3.3. High-Temperature Infrared Radiation Performance

Based on the infrared performance results at room temperature, the CT1 coating was
chosen as the optimal coating. The high-temperature infrared radiation property of the CT1
coating was investigated, and the results are shown in Figure 7. According to this, the total
emissivity of the CT1 coating in the 2.5~25 µm band decreased from 25 ◦C to 500 ◦C. As the
temperature rose to 500 ◦C, the peak wavelength of infrared radiation shifted from 9.7 µm
to 3.7 µm based on Wien’s displacement law [31], and the proportion of energy in the short
band increased. In addition, it was found that the infrared emissivity at 3.7 µm was smaller
than that at 9.7 µm, as shown in Figure 4. Thus, the emissivity of the CT1 coating at 500 ◦C
was lower than that at 25 ◦C.

In the range of 500~1000 °C, the infrared emissivity increased as the temperature was
raised. On the one hand, the peak wavelength of infrared radiation shifted from 3.7 µm to
2.5 µm, which had higher emissivity. On the other hand, the lattice vibration absorption
was thermally strengthened [32]. When the temperature was raised to 1100 ◦C~2000 ◦C,
the total emissivity of the CT1 coating in the 3~5 µm band remained basically unchanged,
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which was about 0.9. It was thought that the absorption/emission in this band at a high
temperature was related to the intrinsic excitation, which was determined by the width of
the energy level since the doping effect was weakened at a high temperature.
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3.4. High-Temperature Thermal Stability

The XRD patterns of the CT1 coating after different times of heat treatment at 2000 ◦C
are shown in Figure 8. This suggests that the coatings after heat treatment were still
composed of two phases which were monoclinic HfO2 and cubic HfO2, indicating good
thermal and chemical stability of the coating.
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Figure 8. XRD patterns of CT1 coating after heat treatment of 2000 ◦C.

The microscopic surface morphologies of the CT1 coating held at 2000 ◦C for 2 h and
4 h in a vacuum environment are shown in Figure 9a and Figure 9b, respectively. The
coatings’ surfaces were porous without cracks, and the surface roughness did not change
significantly with the increase in holding time.
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The infrared spectral emissivity of the CT1 coating in the 0.75~2.5 µm band and the
2.5~15 µm band after heat treatment is shown in Figure 10. In the 0.75~6.5 µm band, the
total emissivity of 2 h and 4 h was 0.833 and 0.826, correspondingly, and therefore slightly
lower than that before heat treatment. In the 6.5~15 µm band, the total infrared emissivity
of the CT1 coatings after heat treatment was almost unchanged, and was 0.892 for 2 h and
0.895 for 4 h. The results suggest that the coating maintained good thermal stability at a
high temperature.
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4. Conclusions

HfO2 coatings co-doped with different atomic ratios of Ca/Tb were prepared via the
APS method. The coatings were composed of a m-HfO2 phase and a c-HfO2 phase. Owing
to the impurity levels and the heavy lattice distortion introduced by doping Ca and/or
Tb, the free carrier absorption and lattice vibration absorption were enhanced. Therefore,
the total infrared emissivity of the doped coatings significantly increased compared with
that of the pure coating. Since doping Ca had a greater enhancing effect than doping Tb,
the optimal coating was obtained with a Ca/Tb atomic ratio of 1/0 (CT1), whose room
temperature emissivity was 0.844 in the 0.75~6.5 µm band and 0.900 in the 6.5~15 µm band,
respectively.

In terms of high-temperature infrared radiation performance, the total emissivity of
the CT1 coating in the 2.5~25 µm band at 500 ◦C was lower than that at room temperature,
due to the peak wavelength shifting toward a short band as the temperature increased.
However, it increased with an increasing temperature between 500 and 1100 ◦C, since the
thermal activation played a dominant role. The total emissivity in the 3~5 µm band barely
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changed from 1100 ◦C to 2000 ◦C, remaining at about 0.9. The CT1 coating also exhibited
good thermal stability, as its chemical composition and surface morphology were basically
unchanged after heat treatment at 2000 ◦C for 4 h. The total infrared emissivity of the CT1
coating after heat treatment was 0.826 in the 0.75~6.5 µm band and 0.895 in the 6.5~15 µm
band, slightly lower than that before heat treatment.
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